The present study examined whether the elderly produced a hastened or delayed tap with a negative or positive constant intertap interval error more frequently in self-paced tapping than in the stimulus-synchronized tapping for the 2 N target force at 2 or 4 Hz frequency. The analysis showed that, at both frequencies, the percentage of the delayed tap was larger in the self-paced tapping than in the stimulus-synchronized tapping, whereas the hastened tap showed the opposite result. At the 4 Hz frequency, all age groups had more variable intertap intervals during the self-paced tapping than during the stimulus-synchronized tapping, and the variability of the intertap intervals increased with age. Thus, although the increase in the frequency of delayed taps and variable intertap intervals in the self-paced tapping perhaps resulted from a dysfunction of movement timing in the basal ganglia with age, the decline in timing accuracy was somewhat improved by an auditory cue. The force variability of tapping at 4 Hz further increased with age, indicating an effect of aging on the control of force.
had healthy participants between the ages of 20 and 79 respond synchronously with a finger tap to a periodic stimulus at the target intertap intervals (ITIs) of 200 ms, 250 ms, 333 ms, 500 ms, and 1000 ms. At the target ITIs of 200 ms and 250 ms, about 30% of the participants over 60 years old exhibited ITIs shorter than the target (hastened tap), whereas only 8% showed ITIs longer than the target (delayed tap). Rubia et al. (1999) and Ben-Pazi et al. (2003) also reported that hastened responses to stimulus-synchronized tapping above the 2 Hz frequency are found in many children diagnosed with attention deficit hyperactive disorder. Ben-Pazi et al. (2003) speculated that abnormal subcortical oscillatory mechanisms contributed to their findings as seen in the parallel hastening of Parkinson's patients.
Festination has been clinically identified in Parkinson's disease as an extrapyramidal motor sign involving difficulty in maintaining rhythmic movements such as walking, speech, and handwriting at an intended rate (Bergman & Deuschl, 2002; Narabayashi & Nakamura, 1985) . Using a finger-tapping test, Nakamura and his colleagues (Nagasaki & Nakamura, 1982; Nakamura et al., 1978) quantitatively detected a hastened tap as an extrapyramidal motor dysfunction in Parkinson's disease. Nakamura et al. (1978) further found that the hastened tap first occurred at one of the two critical frequencies of 2 Hz and 4 Hz. This phenomenon falls within the tremor frequency band of Parkinson's disease and is supposed to result from a central oscillatory mechanism (Logigian et al., 1991) . Mortimer (1998) and Nagasaki and colleagues (Nagasaki et al. 1988 (Nagasaki et al. , 1996 thus considered that there are some parallels between the behavioral changes observed in Parkinson's disease and normal aging.
On the other hand, movement timing is classified by two types of movement: stimulus-synchronized movement and self-paced movement (Billon & Semjen, 1995) . Whereas the cerebellum (Ivry et al., 2004) and suprachiasmatic region of the hypothalamus (Cohen et al., 1997 ) may be associated with motor timing during the stimulus-synchronized movement, the basal ganglia appears to be involved in motor timing during the self-paced movement (Rao et al., 1997; Rao et al., 2001) . It can be anticipated that abnormal motor signs due to dysfunction of the basal ganglia will be larger for normal aged individuals in the self-paced tapping than in the stimulus-synchronized tapping. The present study thus examined whether elderly subjects produced a hastened or delayed tap more frequently during selfpaced tapping than during stimulus-synchronized tapping for the target ITIs of 250 ms (4 Hz) or 500 ms (2 Hz). This study further examined the effects of aging on the control of force in both the tapping tasks for the target force of 2 N.
Method Participants
Data were obtained from right-handed females in four age groups. The age groups were determined by previous studies (Nagasaki et al., 1988 (Nagasaki et al., , 1996 . Three groups comprised 10 individuals in 60-year old group (mean: 65.1 years, standard deviation (SD): 1.52 years), 10 in 70-year old group (mean: 75.7 years, SD: 2.36 years) and 10 in 80-year old group (mean: 83.5 years, SD: 2.92 years). The control group consisted of 10 normal participants in 20-year old group (mean: 26.3 years, SD: 3.82 years).
Participants were screened for dementia using the Hasegawa dementia scale (Kato et al., 1991) in which a score of 20 and above (full score: 30) was regarded as normal. The mean scores for the 20-year old group were 30.0 (SD: 0.00), 60-year old group 29.2 (SD: 0.92), 70-year old group 26.3 (SD: 3.13) and 80-year old group 25.7 (SD: 2.11). Independence in activities of daily living was tested using the Barthel Index (full score: 100, Mahoney & Barthel, 1965) . The mean scores for the 20-year old group were 100.0 (SD: 0.00), 60-year old group 99.0 (SD: 2.11), 70-year old group 98.0 (SD: 2.58) and 80-year old group 98.0 (SD: 2.58). None of the groups thus exhibited any gross cognitive or motor impairment. Handedness was tested using the Edinburgh handedness inventory (Oldfield, 1971) . The laterality quotients of right-handed participants were +100 overall. Informed consent for participation in the experiment was obtained from all participants. The procedures were approved by the local institutional ethics committee and the study was conducted according to the Declaration of Helsinki.
The load cell (Model LUB-5KB, Kyowa Electronic Instruments, Co., Tokyo, Japan; rated load = 5 kg, see Figure 1 ) tapped on by participants has a nonlinearity of 0.01% rated output and a hysteresis of 0.02% rated output. The output of the load cell was amplified by a strain amplifier (Kyowa Model MCC-8A) and displayed on an oscilloscope (Model MD625BM-12, Leader Electronic Corp., Yokohama, Japan). The force output was also recorded by a personal computer (Apple PowerBook G4) and monitored on a screen (832 × 624 pixel resolution) after the amplified signal was converted from analog to digital (PowerLab/8sp, AD Instruments). During a trial, the data were sampled and digitized at a frequency of 1000 Hz by a 12 bit A/D converter after amplification and filtering at a cut-off frequency of 100 Hz. Figure 2 shows a data sample. ITI and peak force during each trial were measured using software for analysis of interval and force (Emile Soft Co., Ltd., Tokushima, Japan). The ITI was defined as the onset-to-onset times of the tap. The force of each tap was defined as the peak output voltage from the load cell (see Inui & Hatta, 2002) .
Procedure
Participants were seated facing the load cell, and their palms rested on a support surface 6 cm in height from a table. In this posture, they made tapping movements by means of an extension-flexion pulse of the index finger of the right hand at the metacarpophalangeal joint. A finger-tapping task consisted of two rates: the target ITIs were 250 ms (250-ms task) and 500 ms (500-ms task). Whereas half of participants for each age group performed the 250-ms task first, the remainder performed the 500-ms task first. The participants practiced each task separately, with the corresponding test trials immediately following the practice trials. They tapped for 15 s in the 250-ms task or 30 s in the 500-ms task in three practice trials.
During practice trials, the tapping rate was prescribed by means of an auditory metronome (Model SQ100-88, Seiko Holdings Corp., Tokyo, Japan). They were instructed to synchronize finger taps on the load cell with the metronome. The target force of 2 N was determined by a previous study (Inui & Hatta, 2002) . The output of the load cell was displayed on an oscilloscope so that the participant could see the difference between the peak force produced and the target force, which was indicated on the oscilloscope by one horizontal line. On the recall trial immediately after completion of the practice trials, they tapped for 15 s in the 250-ms task or 30 s in the 500-ms task. They were instructed to produce the force and ITI acquired during practice by means of self-paced movement without feedback.
Statistical Analysis
In the analyses of the recall trial, the dependent measures were the average value, standard deviation (SD) and coefficient of variation (CV: SD/mean × 100) corresponding to the separate ITI and peak force produced. The constant error (CE) of peak force was also calculated to examine the accuracy of force control. These values were calculated from 60 measures produced by each participant for both the 250-ms and 500-ms tasks in each trial. In the analyses of the practice trials, on the other hand, data from the final trial were analyzed. A 2 (task) × 2 (trial) × 4 (age) analysis of variance (ANOVA) was performed to examine the main effect of task, trial, and age on the dependent measures. When an interaction was significant, separate ANOVAs were run for the 250-ms and 500-ms tasks.
Although previous studies used different target ITIs, they always defined hastened tap as tapping with mean ITIs shorter than the target over 3 ms (Nagasaki et al., 1996) or 5 ms (Nagasaki et al., 1988) . To examine delayed and hastened responses for each target ITI, however, we defined delaying or hastening phenomenon operationally according to the following criteria. Whereas we defined a delayed tap as tapping with an ITI over 5 ms longer than the target for the 250-ms task or over 10 ms longer than the target for the 500-ms task, we defined a hastened tap as tapping with an ITI over 5 ms shorter than the target for the 250-ms task or 10 ms for the 500-ms task. The analysis of the percentage of both types of tap used a 2 (delayed vs. hastened tap) × 2 (task) × 2 (trial) × 4 (age) ANOVA. When an interaction was significant, separate ANOVAs were run for the delayed and hastened taps. When significant overall condition effects were found for a dependent measure, post hoc multiple comparisons were corrected using Tukey's honestly significant difference. Statistical significance was defined at the p < .05 level.
Results
We examined whether participants could match ITIs across a trial for each target ITI. Figure 3 shows the means of ITIs for both the practice and recall trials in both the 250-ms (A) and 500-ms tasks (B). The ANOVA on mean showed a significant main effect of task (F (1, 144)=622.64, p < .0001). Post hoc test showed that the 250-ms task had markedly shorter ITIs than the 500-ms task, indicating that participants met the task requirement. Although a significant main effect of age for the 500-ms task was not found, there was a significant main effect of age for the 250-ms task (F (3, 72)=4.63, p < .01), indicating that 70-year-old group had a longer mean ITI than both the 20-and 60-year-old groups (p < .05). The interaction of task and age was thus significant (F (3, 144)=3.68, p < .05).
To examine the variability of ITIs for each target ITI, Figure 3 also shows SDs (C and D) and CVs (E and F) of ITIs (Figure 3) . The analysis on SD showed a significant main effect of age (F (3, 144)=15.29, p < .0001). Post hoc test indicated that while the 70-year-old group had a larger SD than the 20-year-old group (p < .005), the 80-year-old group had a larger SD than the other three age groups (20-and 60-year-old groups: p < .0001, 70-year-old group: p < .05). Although both 70-and 80-year-old groups had a larger SD than the 20-year-old group for the 500-ms task (F (3, 72)=3.67, p < .05), the 80-year-old group had a larger SD than the other three age groups for the 250-ms task (F (3, 72)=15.24, p < .0001). The interaction of age and task was thus significant (F (3, 144)=3.80, p < .05).
The analysis on the CV of ITIs showed significant main effects of task (F (1, 144)=14.89, p < .0001), trial (F (1, 144)=8.21, p < .01), and age (F (3, 144)=5.97, p < .005). Post hoc test indicated that while the 250-ms task had more variable ITIs than the 500-ms task, the recall trial had a more variable ITI than the practice trial. The 20-year-old group had a less variable ITI than both 70-(p < .05) and 80-yearold groups (p < .0001), although in the absence of a significant main effect of trial for 500-ms task, the recall trial had a more variable ITI for the 250-ms task than the practice trial (F (1, 72)=16.54, p < .01). The interaction of task and trial was thus significant (F (1, 144)=14.89, p < .0001).
We examined delayed and hastened responses for each target ITI, and Figure  4 shows the mean percentages of both delayed (A and B) and hastened taps (C and D). The analysis on percentage showed significant main effects of type of tap (F (1, 288)=85.32), trial (F (1, 288)=18.16), and age (F (3, 288)=19.76). Whereas the analysis on the percentage of delayed taps showed that the recall trial had a larger percentage than the practice trial (F (1, 144) =86.10), the analysis on the percentage of the hastened taps showed the opposite result (F (1, 144) =68.64). The interaction of type of tap and trial was thus significant (F (1, 288) =146.24). On the other hand, the percentage of delayed taps steeply increased from the 60-to the 80-year-old group (F (3, 144) =52.54). In contrast, although the 80-year-old group had the lowest percentage of hastened taps among the four age groups, the 60-year-old group had the highest percentage among the groups (F (3, 144)=32.07). The interaction of type of tap and age was thus significant (F (3, 288)=77.08, p < .0001 for all cases in this paragraph).
Analysis of the accuracy of force control and force variability for each target force ( Figure 5) shows the means (A and B) , CEs (C and D), and SDs (E and F) of peak force. The analysis on mean for the 500-ms task showed a significant effect of age (F (3, 72) =5.09, p < .005), indicating that both 20-(p < .01) and 60-yearold groups (p < .05) had a lower peak force than the 80-year-old group, with no significant main effect for the 250-ms task. The analysis on CE showed significant main effects of task (F (1, 144) =6.17, p < .05) and age (F (3, 144)=5.89, p < .005) without a significant interaction. Post hoc test indicated that the 500-ms task had a greater magnitude of CE than the 250-ms task. The 80-year-old group had a greater magnitude of CE than both 20-(p < .05) and 60-year-old groups (p < .005). The 70-year-old group had a greater magnitude of CE than the 60-year-old group (p < .05). On the other hand, the analysis on SD showed a significant effect of age (F (3, 144)=8.31, p < .0001), indicating that both the 70-and 80-year-old groups had a larger SD than the 20-(p < .005) and 60-year-old groups (p < .01).
Discussion
The most important results of the current study were that all age groups had more variable ITIs for the 250 ms-task in the self-paced tapping than in the stimulussynchronized tapping ( Figure 3E ) and that the variability of ITIs steeply increased from the 60-to the 80-year-old groups ( Figure 3C ). Whereas the cerebellum (Ivry et al., 2004) and the suprachiasmatic region of the hypothalamus (Cohen et al., 1997) may be associated with the motor timing in stimulus-synchronized movement, the basal ganglia appears to be involved in the motor timing for self-paced movement (Rao et al., 1997) . The results of the current study thus suggest that normal aged individuals have a dysfunction of movement timing in the basal ganglion rather than in the cerebellum or suprachiasmatic region of the hypothalamus.
Such age-related decline of motor timing further suggests the histochemical degeneration of the nigrostriatal pathway during aging, followed by a dysfunction of the cerebro-basal ganglia loop. The input nucleus to the basal ganglia is the striatum (caudate nucleus and putamen), the output nuclei are the internal pallidal segment and substantia nigra pars reticulata, the nuclei between input and output nuclei are the external pallidal segment and subthamamic nucleus, and the striatum is modulated by dopaminergic neurons in the substantia nigra pars compacta via the nigrostriatal pathway (Brodal, 2004) . In particular, the nigrostriatal fibers are vulnerable to the effects of aging. In parallel with a loss of cells in the substantia nigra, smaller changes are also found in the striatum in some cases, presumably due to degeneration of the nigrostriatal fibers. Although Parkinson's disease, unlike aging, involves a regionally specific dopaminergic loss in the putamen, the nigrostriatal degeneration that occurs in normal aging may be associated with mild "parkinsonian" signs (for review, Stark & Pakkenberg, 2004) . When the nigrostriatal system is selectively degenerated, the outputs of the internal pallidal segment and substantia nigra pars reticulata increase and inhibit thalamocortical projections, resulting in akinesia or bradykinesia (Brodal, 2004) . The increase in the delayed taps with age ( Figure 4A ) thus suggests histochemical degeneration of the nigrostriatal pathway during aging. McGeer et al. (1977) first found a decrease in neuron number of the substantia nigra with age in 28 normal persons, revealing a 48% cell loss by 60 years of age. Mann et al. (1984) later reported a 35% loss of substantia nigra neurons by the age of 90. Fearnley & Lees (1991) further found a linear 33% decrease of the substantia nigra neurons with aging. Whether cerebral function remains relatively stable over middle age, followed by a period of rapid decline, or whether brain function deteriorates at a constant rate across adulthood is still unclear (Stark & Pakkenberg, 2004 ) because individual differences perhaps have a strong effect on the age-related decline in dopaminergic levels. However, participants' motor behaviors in the current study indicated that the ITI variability ( Figure 3C ) and delayed response ( Figure 4A ) increased steeply from 60 to 80 years of age, suggesting that number of neurons in the substantia nigra decreases steeply in the 60-to 80-year-old groups, whereas the number decreases gradually across middle age.
Contrary to the results of Nagasaki et al. (1988 Nagasaki et al. ( , 1996 , the results of the current study for both tasks showed that the frequency of the hastened tap did not increase with age, but that the frequency of the delayed tap did clearly increase with age ( Figure 4 ). This increase in the delayed tap with age thus indicates an effect of aging. In addition, the delayed tap for both tasks markedly decreased from the self-paced tapping to the stimulus-synchronized tapping. This corresponds to the results of Martin (1967) and Hore et al. (1977) , who earlier reported that performance returns to near normal during dysfunction of the basal ganglia when visual or auditory cues are given to patients or monkeys. Taken together, although the normal aged participants in the current study exhibited a decline in motor timing due to the histochemical degeneration of the nigrostriatal pathway with age, their timing behavior was somewhat improved by an auditory cue.
It is surprising that the variability of ITI for the 500 ms-task in the stimulussynchronized tapping was similar to that of the self-paced tapping ( Figure 3F ), whereas all age groups had a more variable ITI for the 250 ms-task in the selfpaced tapping than in the stimulus-synchronized tapping ( Figure 3E ). This suggests that tapping at the 2 Hz frequency is a preferred or easily remembered rate for a wide range of ages, whereas the faster tapping at 4 Hz frequency is less easily remembered. In relation to this issue, Turvey et al. (1989) and Sternad et al. (2000) pointed out that the motor component of timing variability, according to the Wing & Kristofferson (1973) rhythmical timing model, increased with divergence of movement frequency from the effector's natural frequency. The results of the current study thus suggest that the frequency of 2 Hz may be closer to the effector's natural frequency in finger tapping for wide range of ages, whereas the frequency of 4 Hz appears to be farther from the eigen frequency.
In the 500-ms task of the current study ( Figure 5D ), on the other hand, whereas mean peak forces for both 20-and 60-year-old groups slightly undershot the target force, those for both 70-and 80-year-old groups quite overshot it. These results indicate that it is difficult for the elderly to finely control their force to the target force. Furthermore, although both 70-and 80-year-old groups had a more variable peak force than the 20-and 60-year-old groups in the 500-ms task (Figure 5F ), the force variability increased monotonically from the 60-to 70-to 80-year-old groups in the 250-ms task ( Figure 5E ). Previous studies (Christou & Carlton, 2002; Christou et al., 2007) indicated that force variability increases with force in approximately linear fashion for both young and older adults but that the two lines are parallel to each other because the variability is greater in older adults. The present study also showed for both tasks that although the target force was constant during this experiment, force variability increased with age, indicating an effect of aging on the control of force. For the self-paced tapping in the 250-ms task, moreover, an increase in both variabilities of force ( Figure 5E ) and ITI ( Figure 3C and 3E) with age indicates an effect of aging on the interaction of force control and timing.
